all play important roles. It is clear that in well-defined inherited forms of CRC, such as familial polyposis and Lynch syndrome, the inherited genetic predisposition is decisive and the role of other factors may be limited to nonexistent. However, in most CRC cases-the so called "sporadic" cases-the effect of other factors such as diet may be important. To add to the complexity, it is clear that genetic-environmental interactions may ultimately determine the effects of genetic, nutritional, or environmental factors. Most studies on diet and cancer have analyzed data with little or no consideration of these interactions, which have only recently become evident. Despite these difficulties, current information implicates significant effects of diet on CRC risk. Given that diet is modifiable, it is an area that deserves consideration and investigation.
The purpose of studies on diet and specific diseases is to formulate dietary recommendations. These recommendations should also promote general health and do not consider reduction of CRC risk in isolation. Countries where dietary patterns have become more Westernized have seen a parallel incremental increase in CRC incidence. 2, 3 Migration studies show that immigrants from low-incidence regions who move to high-incidence industrialized regions may incur an elevated lifetime risk for CRC compared with those who remain in the low-incidence regions. 4, 5 Considering that approximately 75% of patients with CRC have sporadic disease, 6 these findings highlight the potential impact of dietary and environmental influences on the overall incidence of and mortality from CRC.
Epidemiologic and laboratory animal studies performed during the past 40 years suggest a link between nutritional factors and colorectal carcinogenesis. 7, 8 In 2007, the World Cancer Research Fund (WCRF) and the American Institute for Cancer Research (AICR) published an exhaustive evaluation of the literature on the association between diet and various cancers and suggested that changes in diet could significantly reduce the risk of cancer. 9 The evaluation of food and nutrition in the prevention of CRC, in particular, was updated in 2011. 10 Research on nutrition, however, is extremely challenging because dietary assessment techniques are imprecise in extracting data on consumption of single foods and nutrients. Traditional nutritional analyses of individual foods and nutrients have been valuable but have conceptual and methodologic limitations.11 People do not eat isolated nutrients. Meals are complex combinations of specific nutrients that are likely to interact synergistically.12 Changes in the consumption of one food item can trigger significant changes in other items. Given that dietary consumption varies from meal to meal and day to day, dietary consumption is extremely difficult to survey. This article provides a critical review of the literature on the role of individual foods and nutrients and the effect of dietary patterns and physical activity on the primary prevention of CRC.
Red Meat, Processed Meat, and Fat
In the updated CRC 2011 Report, the WCRF and AICR validate that the evidence for red and processed meats as a cause of CRC is "convincing," and that poultry and fish are better choices for protein. 9, 10 The mechanism explaining how red and processed meats increase CRC risk is not known. It was initially proposed that risk may be related to animal fat content. 13 However, 2 large randomized control studies, the Women's Health Initiative Dietary Modification Trial and the Polyp Prevention Trial, failed to prove that a low-fat (20% of total energy intake) dietary pattern reduces the risk of CRC. 14, 15 In a meta-analysis of 6 cohort and case-control studies, the summary relative risk (RR) estimate for animal fat intake and CRC was insignificant (RR, 1.15; 95% CI, 0.93-1.42). 16 Several other mechanisms have been proposed to explain the effects of red and processed meats on colon carcinogenesis. Cooking meat at high temperature or on an open flame produces heterocyclic amines (HCAs) and polycyclic aromatic hydrocarbons (PAHs), which have been shown to be potent carcinogens in animal studies. 17 When using well-done meat as a surrogate marker for HCAs, epidemiologic studies confirm a positive association with CRC. 18 Additionally, genetic polymorphisms may increase the susceptibility of some individuals to HCAs. 19, 20 Dietary heme iron, which is 10-fold higher in red meat than in white, may be a pro-carcinogenesis agent. 21 Heme iron induces DNA damage, catalyzes peroxidation of fat in foods, and induces colon cytotoxicity. 22 Lastly, nitrites from cured meats react with amines to generate N-nitroso compounds, which may be carcinogenic to colonocytes. 23 In a dose-response meta-analysis of case-control and cohort studies, Norat et al 24 concluded that if average red meat consumption decreased to 70 g per week, risk for CRC would decline by 7% to 24% in countries where consumption is high. However, results from epidemiologic studies on meat consumption and CRC risk have been inconsistent because of difficulty in acquiring precise nutritional data, and potential confounders such as lifestyle factors, familial and genetic predisposition, and environmental factors. In a large prospective Japanese cohort study, higher consumption of red meat was associated with an increased risk of colon cancer among women (RR, 1.48; 95% CI, 1.01-2.17). Higher total meat consumption was associated with colon cancer among men (RR, 1.44; 95% CI, 1.06-1.98), but not red meat consumption. No risk association between meat consumption and rectal cancer was found. 25 In the Danish Diet, Cancer, and Health cohort study, no association was found between total meat consumption and CRC, but the risk for CRC was elevated in consumers of lamb (RR, 1.07; 95% CI, 1.02-1.13). Rectal cancer risk was elevated in those with higher intake of pork (RR, 1.18; 95% CI, 1.02-1.36). 26 In summary, evidence suggests a positive association between high consumption of red and processed meats and CRC, although the evidence is inconclusive.
Fiber, Fruits, and Vegetables
In the 1960s, Burkitt 27 first proposed that fiber may be protective against CRC. He observed that African Blacks who consumed high-fiber and low-fat foods had a lower incidence of colon cancer and mortality compared with their white counterparts with an intake of low-fiber and high-fat foods. Subsequent epidemiologic and cohort studies looking at the role of fiber in reducing the risk of CRC yield inconsistent results although evidence for the prevention of CRC was recently upgraded to "convincing" by WCRF and AICR. 10 This may be partially explained by the fact that fiber is not a specific chemical entity but rather a diverse group of compounds with different physiochemical properties that can affect the colon mucosa in different ways. Furthermore, major sources of dietary fiber vary across studies. Cereals are a major contributor to dietary fiber intake described in the European cohort studies, whereas fruits and vegetables are the main sources of fiber reported in North American cohort studies. 28 Considering fiber content solely misses the point that other vital nutrients may differ depending on the source of fiber.
Dietary fiber, by definition, is not digested by human enzymes. Some fibers, however, may be metabolized by colonic bacteria producing a variety of compounds that may affect not only the colonic mucosa but also the diversity of the bacterial population in the microbiome. Because of the recent recognition that colonic bacteria may exert profound metabolic, genetic, and immunologic effects on the host, 29 the study of fiber and its effects on colon carcinogenesis, and health in general, may need to be addressed, with a special focus on its effects on the microbiome.
Potential protective mechanisms of fiber include dilution of fecal carcinogens, reduction in transit time of feces through the bowel, binding of carcinogenic bile acids, and production of short-chain fatty acids. 30 Short-chain fatty acids are the main energy compounds in colonocytes.
In a pooled analysis of 13 prospective cohort studies, fiber intake was associated with a 16% reduction in CRC risk in the highest quintile group compared with the lowest (RR, 0.84; 95% CI, 0.77-0.92). However, when adjusting for age and additional nutritional and lifestyle factors, only a nonsignificant weak inverse association was found (RR, 0.94; 95% CI, 0.86-1.03). 27 In the NIH-AARP Diet and Health prospective cohort study, fibers from grains, fruits, vegetables, and beans were inversely associated with CRC risk. After adjustment for other risk factors, these inverse relationships essentially disappeared, except for fiber from grains (multivariate RR, 0.86; 95% CI, 0.76-0.98). 31 Randomized trials reveal mixed results, particularly on the association between fiber and recurrence of precancerous colon polyps. In the Polyp Prevention Trial, no difference was seen in adenoma recurrence or rectal mucosal proliferation rate over a 4-year period between subjects in groups randomized to a diet high in fiber (18 g/ 1000 kcal) and low in fat (20% of total energy intake) diet and controls. 17, 32 However, there was variation in compliance. When examining data from subjects who were most adherent to the diet, there was a 35% reduction in adenoma recurrence compared with controls. 33 In another randomized study, subjects given a high wheat bran fiber supplementation (13.5 g/d) compared with a lower amount (2.0 g/d) did not have protection against recurrent colorectal adenomas after a median of 34 months. 34 Reports examining the effect of fruit and vegetable consumption on CRC risk in general suggest a weak inverse association. Case-control studies report strong evidence for an inverse association, whereas several reviews and meta-analyses of cohort studies have not found significant inverse associations between fruit and vegetable intake and CRC risk. 35, 36 Recall and selection biases may hamper the interpretation of these case-control studies by overestimating the association, whereas imprecise determination of dietary intake may underestimate the protective effect of fruits and vegetables on CRC risk in the prospective cohort studies. Furthermore, an observed inverse association between fruit and vegetable intake and CRC risk may be weakened when adjusting for potential confounders such as physical activity, obesity, alcohol consumption, and smoking. 37, 38 Because of the serious methodologic difficulties in studying the effects of fiber and the recent recognition that it may have an impact on health and disease through its effect on the microbiome, a rigorous examination is needed. Nevertheless, increasing the fiber consumption from the average intake in the Western diet (12-14 g/d) to a more desirable level (25-30 g/d) can be recommended. Such an increase can be achieved by consuming more fruits, vegetables, and whole grains, and may also lower the risk of other chronic conditions, such as heart disease.
39

Vitamins and Minerals
Various minerals and micronutrients have been suggested to be protective against CRC. Calcium is thought to protect the colon mucosa by binding to toxic secondary bile acids and forming insoluble complexes, thereby reducing proliferation and stimulating differentiation of colon epithelial cells. 40 In a pooled analysis of 10 prospective cohort studies, higher consumption of dietary and supplemental calcium was associated with a lower risk of CRC (0.78; 95% CI, 0.69-0.88). 41 In individuals with a history of colorectal adenomas, a meta-analysis of 2 randomized trials revealed an 18% risk reduction in the recurrence of adenomas in patients taking calcium compared with placebo over a 4-year period (RR, 0.82; 95% CI, 0.69-0.98). 42 Another randomized study revealed that the effect of calcium persisted for a least 5 years after cessation of treatment. 43 Although these results are promising, long-term studies are needed to confirm and quantify the potential chemopreventive effect and safety of calcium in CRC prevention.
Vitamin D has been shown to have antiproliferative, prodifferentiating, and proapoptotic effects in colonocytes, but whether the actions of vitamin D require calcium or are exerted independently is not clear. 44, 45 In a meta-analysis of 9 prospective studies, the pooled RR for CRC was lower for the category of highest vitamin D intake (RR, 0.88; 95% CI, 0.80-0.96) and blood levels of 25-hydroxy vitamin D (RR, 0.67; 95% CI, 0.54-0.80) compared with the lowest category. 46 However, in the Women's Health Initiative randomized clinical trial, women who took a combination of calcium (1000 mg) plus vitamin D (400 IU) did not have a lower risk for CRC after a mean of 7 years compared with the placebo group (RR, 1.08; 95% CI, 0.86-1.34). 47 Hence, data thus far do not support a recommendation for the general use of calcium plus vitamin D supplementation for preventing CRC.
Folic acid plays an essential role in DNA synthesis. DNA methylation abnormalities during colorectal carcinogenesis may be affected by a lack of adequate folic acid. In a mouse model, microarray gene expression analysis demonstrated the role of folic acid supplementation in altering certain gene expressions involved in colon carcinogenesis and preventing adenoma formation. 48 In a randomized controlled study of 860 Chinese men older than 50 years with no endoscopic findings of adenomas, participants who took 1 mg/d of folic acid, particularly those with a low baseline folic acid level, had a lower rate of adenoma on repeat colonoscopy 3 years later (RR, 0.49; 95% CI, 0.37-0.63) compared with participants given placebo. 49 This result suggests that folic acid may exert a protective effect on normal colon mucosa. However, these findings cannot be generalized, because they may apply only to populations with a high prevalence of folic acid deficiency. However, epidemiologic studies have found that folic acid deficiency is highly prevalent in some developing countries where the incidence of CRC is relatively low.
Most prospective studies report an inverse association between folic acid intake and CRC risk. In a pooled analyses of 13 studies, high total folic acid intake (dietary and supplemental sources) was associated with reduced CRC risk (RR, 0.85; 95% CI, 0.77-0.95). 50 With mandatory implementation of folic acid fortification in the United States in 1998, there was concern that excess folic acid might, in fact, increase CRC risk through enhancing DNA synthesis in proliferating cells. 51 Stevens et al 52 examined total folic acid intake (dietary and supplemental) and CRC risk in the postfortification period over 8 years (1999-2007) in a prospective cohort study and found that, in fact, high total folic acid intake was still associated with a lower risk of CRC (RR, 0.81; 95% CI, 0.66-0.99).
Other dietary micronutrients, such as vitamins A, C, and E, are thought to have anticarcinogenic effects based on their antioxidant properties suggested by observational studies. [53] [54] [55] However, these studies did not examine specific vitamins, but deduced the level of their intake from the diet. Thus, any protective effect may have resulted from other dietary factors present in the vitamin-containing foods. Randomized trials have not supported a role for the use of antioxidants for protection against CRC.
56,57
Dietary Patterns
The impact of macronutrients and micronutrients on CRC prevention is thus far inconclusive. Recognizing that nutrients may act synergistically, nutrition epidemiologists have examined whether dietary patterns or combinations of foods, rather than specific nutrients, are associated with CRC risk.
Dixon et al 58 observed 2 predominant dietary patterns in 3 large European prospective cohorts: the Veg pattern, characterized by intake of vegetables, legumes, fruits, pasta, poultry, and fish; and the PPP pattern, characterized by increased intake of pork, processed meats, potatoes, and saturated fats. In Swedish women, a PPP diet conferred an increased risk of colon cancer (RR, 1.62; 95% CI, 1.12-2.34), whereas in Finnish men, an increased risk for rectal cancer was seen (RR, 2.21; 95% CI, 1.07-4.57). In a Japanese prospective cohort, Kim et al 59 found that the Western dietary pattern (characterized by meat, poultry, cheese, bread, and butter) was positively associated with colon cancer risk in women (RR, 2.21; 95% CI, 1.10-4.45). Because the evidence for the general health benefits of the Mediterranean diet, Bamia et al 60 investigated its relationship to CRC risk in the European Prospective Investigation into Cancer and Nutrition (EPIC) cohort and found an 8% to 11% decrease in CRC risk in subjects most adherent to the Mediterranean diet compared with those who were least adherent. Most recently, evidence has suggested that eating a diet high in sugar, saturated fats, and other foods that promote inflammation can drive the growth of many cancers, including CRC. 61 Consuming fewer proinflammatory nutrients, such as red and processed meats and refined sugary drinks, and more anti-inflammatory plant-based nutrients and whole grains may reduce the risk of gastrointestinal tract cancer death.
Obesity and Physical Activity
More than one-third of US adults (35.7%) are estimated to be obese. 62 The association between body weight and different cancers is now well recognized. For colon cancer, the RR attributable to obesity has been estimated to be 1.24 for men (95% CI, 1.21-1.28) and 1.09 (95% CI, 1.05-1.14) for women, but may vary with country of origin. 63 Various anthropometric variables, such as body mass index, waist circumference, and waist/hip ratio, are suggested to be positively associated with colon cancer in both men and women. 64 Common metabolic pathways linking obesity and CRC risk have been hypothesized, such as those of chronic inflammation, oxidative stress, and insulin resistance.
Physical activity may protect against colon cancer through decreasing inflammation, increasing the body's metabolic efficiency and capacity, and reducing insulin resistance. 10 In a meta-analysis of 16 cohort studies, individuals who were the most physically active were observed to have a 23% to 24% lower risk of colon cancer than those who were least active. For rectal cancer, no statistically significant association was observed. 65 
Conclusions
An abundance of data exists in the literature on the role of nutrition, obesity, and physical activity in modulating CRC risk. Dietary regimens characterized by a high consumption of fiber, fruits, vegetables, fish, and poultry, and lower in red and processed meats seem to exert protective effects against CRC and are also good for the general health. Evidence suggests a positive link between obesity and CRC risk, although whether weight loss can lead to CRC risk reduction is unclear. Physical activity has been associated with reduced CRC risk but also plays an important role in improving cardiovascular health.
Research in nutrition continues to be a challenge, because dietary consumption varies across countries and cultures. In the experimental setting, it is difficult to change people's diets and maintain consistency. Furthermore, the effect of dietary changes on carcinogenesis may be subtle and may not be appreciated in a typical 3-to 5-year study. Therefore, long-term studies are needed to survey the impact of dietary patterns on CRC prevention. Comparing the regional differences between these dietary patterns may also be insightful.
